Phase Sensitive Shot Noise in an Andreev Interferometer 
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We investigate nonequilibrium noise in a diffusive Andreev interferometer, in which currents 
emerging from two Normal metal/Superconductor (N-S) interfaces can interfere. We observe a 
modulation of the shot noise when the phase difference between the two N-S interfaces is varied 
by a magnetic flux. This is the signature of phase-sensitive fluctuations in the normal metal. 
The effective charge inferred from the shot noise measurement is close to qeff = 2e but shows 
phase-dependent deviations from 2e at finite energy, which we interprete as due to pair correlations. 
Experimental data are in good agreement with theoretical predictions based on an extended Keldysh 
Green's function approach. 
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Transport in mesoscopic normal metal - superconduc- 
tor (N-S) structures has attracted great interest recently 

due to the subtle and varied ways in which coherence is 
exhibited in these systems. Propagation of the supercon- 
ducting correlations into the normal metal is realized via 
Andreev reflection ||] at the N-S boundary: an electron 
can cross the N-S boundary from the normal metal only 
by leaving behind a hole correlated to the electron. This 
transfers a charge of 2e. The existence of electron- hole 
correlated pairs in the normal metal is a consequence 
of the presence of the superconducting reservoir. This 
proximity effect strongly affects all the properties of the 
normal metal: its thermodynamics (e.g. the existence 
of a supercurrent in a normal wire between two S reser- 
voirs), its transport properties (reentrant conductance of 
an Andreev wire - a diffusive normal wire between N and 
S reservoirs) and its fluctuations (doubled shot noise in 
the Andreev wire, a consequence of the charge transfer 
being 2e) |,|. 

After an Andreev process, the reflected hole carries 
information about the phase of the superconducting 
order parameter of the S reservoir at the N-S inter- 
face. When two S reservoirs are connected to the same 
phase-coherent device, a phase gradient develops along 
the normal metal, resulting in phase-dependent proper- 
ties. In an Andreev interferometer - a device contain- 
ing a superconducting loop, all the electronic properties 
are periodic with the magnetic flux $ enclosed by the 
loop, with a period of the flux quantum, $o — h/{2e). 
This has been observed in the supercurrent and in the 
conductance [|[ ||, but phase-dependent fluctuations have 
not been reported. Studies of such non-equilibrium noise 
(shot noise) are of interest to elucidate the correlations 
of the charge transfer process. 

In this work we present the results of measurements 



and modeling of conductance and non-equilibrium cur- 
rent noise. Si, in an Andreev interferometer. Si is the 
spectral density of the current fluctuations. The effective 
charge is defined as q^ff = {3/2){dSi/dI). At finite en- 
ergy, Qeff is found to be close to its 'standard' value, 2e, 
but with a phase sensitive component. This deviation 
from 2e is due to the anticorrelated entry of pairs into 
the normal metal, related to their spatial overlap. This is, 
to our knowledge, the first experimental proof that elec- 
tronic fluctuations (noise) can be phase sensitive. The 
experimental results agree very well with our calculations 
based on the counting statistics approach 0. 

The theoretical calculation of the conductance of An- 
dreev interferometers is based on the mesoscopic prox- 
imity effect theory [|[ ^, |lO[ |ll| using the quasiclassical 
Usadel equation. The resistance exhibits a minimum at 
an energy of order the Thouless energy, Ec — hD/ L? {D 
is the diffusion constant, and L here is the length of one 
arm of our interferometer) 



11 . This gives rise to the 



reentrant behavior of the resistance with temperature T 
{E ~ ksT) or bias voffage V {E ^ eV). 

The noise of the Andreev interferometer can be un- 
derstood by flrst considering the Andreev wire. The 
current spectral density at T = for both systems is 
Si — (2/3)2e/ at energies much smaller and much larger 
than the Thouless energy, for / > [|[l|. This is twice 
the value for a diffusive normal wire between two normal 
reservoirs at T = 0. This doubling of the shot noise can 
be interpreted as the effective charge being q^ff = 2e 
due to Andreev reflection. The behavior at intermediate 
energies is more subtle, and was not initially accessible. 
Recently, methods were developed to treat the shot 
noise at arbitrary energies and obtain the full counting 
statistics. It was shown for the Andreev wire that the 
noise in the range E ^ Ec has a non-trivial energy de- 
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FIG. 1: (a) SEM picture of the device; (b) the device 
schematic; (c) and (d) models of the device at integer and 
half-integer magnetic flux, respectively. N and S are, respec- 
tively, normal and superconducting reservoirs. 

pendence [|[ ^. However, the physical interpretation of 
this behavior was not evident. For interferometers, more 
complex, phase-dependent behavior is predicted; see be- 
low. The ability to vary the phase has allowed us to test 
separately various aspects of the theory In particular, we 
have established in the present work that the non-trivial 
energy dependence of the shot noise at intermediate en- 
ergies, seen for Andreev wires and interferometers, arises 
from correlations between the electron-hole pairs enter- 
ing the normal metal, and that phase gradients suppress 
this effect. 

Devices were fabricated and measured at Yale Uni- 
versity. An SEM picture and a schematic of the de- 
vice studied are presented in Fig. la (two similar de- 
vices were studied). The device is a diffusive Au wire, 
shaped like a "Y", in contact with a thick Au reservoir, 
and in contact with 2 terminals of a large Nb loop. The 
Nb loop is attached to another Au reservoir. The con- 
ductance of the structure is measured between the two 
Au reservoirs. The phase difference ip between the su- 
perconducting terminals is controlled by application of a 
magnetic field perpendicular to the plane of the super- 
conducting loop; (f = 27r$/$o. The thin Au wire and 
the thick Au reservoirs were deposited using a double- 
angle evaporation technique JTsf in a single vacuum pump 
down. The surface of the Au was then ion-beam cleaned 
before Nb deposition to ensure a transparent N-S in- 
terface. The Au wire is about 10 nm thick and has 
an almost temperature-independent sheet resistance of 
^ 15 fi/n, which corresponds to an electron diffusion 
constant D « 3.3 10~^ m^/s. The Au reservoir is 70 nm 
thick and has a sheet resistance of ~ 0.5 fl/O. The Nb 
film is 80 nm thick. For our device, we define the Thou- 
less energy Ec = HD/L^ « 30/zeV, where L « 270nm 
is the length of each of the 3 sections of the device. Mea- 



surements were performed in a dilution refrigerator at a 
mixing chamber temperature T = 43 mK. At low tem- 
perature the electron energy relaxation is dominated by 
electron-electron interactions and the associated in- 
elastic length Lee is larger than L, so the transport in 
the device is elastic [ p^ . 

The differential resistance, Rdiff — dV/dl was mea- 
sured at ~ 200Hz as a function of bias voltage V for sev- 
eral values of magnetic flux, using lines carefully filtered 
with cryogenic low-pass filters. The current fluctuations 
5'/ in the sample were measured in a frequency band A/ 
from 1.25 to 1.75GHz using a cryogenic HEMT ampli- 
fier. The noise emitted by the sample passes through 
a cold circulator, to isolate the sample from amplifier 
emissions, and is then amplified by the cryogenic am- 
plifier and rectified at room temperature after further 
amplification. The detected power is thus given by 
Pdet = GAfikBTout + ksTA) where G is the gain of 
the amplifier chain, Ta ^ 6.5K is the noise tempera- 
ture of the amplifier, and Tout is the effective tempera- 
ture corresponding to the noise power coming from the 
sample {Tout = 0.04 - 0.6K for 1/ = - 150 /xV). 
We determine GA/ and Ta by measuring the sample's 
Johnson noise vs. temperature at F = and its shot 
noise at eV » {kBT,Ec)- We modulate the current 
through the sample to suppress the contribution of Ta, 
and measure dPdet/dL This gives dTout/dl. Tout is 
given by Tout = (1 - ^'^)Tn + ^'^Tin, and 5/ is given 
by Si — AksTtq / Rdif f ■ Here T/v is the sample's noise 
temperature and Rdiff the differential resistance at the 
measurement frequency [|l6j, F^ is the power reflection 
coefficient of the sample and Tin the external noise in- 
coming to the sample. In the formula for Tout, the first 
term on the right represents the noise emitted by the sam- 
ple which is coupled to the amplifier. The second term 
represents the external noise the sample refiects. It has a 
magnitude of a few percent of the first term [0 . In the 
data analysis we take F^ = 0, since measurements of the 
relative variation of F^(<I', V^) show that taking F^ = 
leads to an error of < O.Ole for the effective charge. 

Measurements of Rdiff vs. bias voltage are given in 
Fig. 2a. Rdiff has a systematic dependence on the 
magnetic fiux. At integer flux, $ = n$o, the reentrant 
behavior of the differential resistance vs. bias voltage is 
pronounced. The maximum dip in resistance below the 
value at large voltage, Rn, is about 13%. Rdiff{V — 0) 
is lower than its normal state value (Rn = 67.5f2 taken 
a,t V = 400 /xeV) possibly because of finite temperature 
and finite phase coherence. The reentrant behavior is 
also present at half-integer flux, but the amplitude of the 
resistance change is smaller, about 2%. The minimum of 
Rdiff occurs at a voltage V ~ Ec/e for $ = n<I>o and 
at a substantially higher bias voltage, V « 3Ec/e, for 
half-integer flux. The magnetic field dependence of the 
differential resistance at 1/ = is shown in the inset of 
Fig 2a. The observed magnetic field period is within 10% 
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FIG. 2: (a) Experimental data of the difFerential resistance 
vs. bias voltage at different values of magnetic flux (mixing 
chamber temperature T = 43mK) . The inset shows magnetic 
field dependence of the zero-bias differential resistance, (b) 
Theoretical predictions for Ec ~ 30/ieV and an electron tem- 
perature of T = 43mK. 

equal to ^o/A, with A the inner area of the loop. 

We calculated Rdi ff using the approach of Ref . ^; see 
Fig. 2b. The value of the Thouless energy used in the 
calculations, Ec — 30 /ieV, is inferred from the sample 
geometry. The electron temperature is assumed to be 
43 mK {ksT — AfieV), that of the mixing chamber. No 
fitting parameters were used. Use of a slightly higher 
temperature would somewhat improve the fit but not 
change the qualitative behavior. Our calculation does 
not include the effects of inelastic scattering, imperfect 
interfaces nor additional heating of the reservoirs at fi- 
nite voltages. Even so, the conductance of the Andreev 
interferometer is seen to be well described by theory, in 
its basic form. This gives us confidence that the sample 
parameters and geometry are correctly described. 

The behavior of Rdi / / seen in Fig. 2 can be understood 
qualitatively. The dip of Rdi // for $ = at i? « Ec is 
like that seen for an Andreev wire of length 2L. (For 
our Y-shaped interferometer, the two right hand arms of 
length L can be taken to be in parallel, see Fig. Ic.) At 
high energy Rdiff = Rn- The dip is due to a compe- 
tition between the effect of induced, correlated electron- 
hole pairs at finite energy, which reduce the resistance, 
and the formation of a gap at yet lower energies, which 
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FIG. 3: (a) Experimentally measured effective charge q^ff for 
several values of magnetic flux, (b) Theoretical predictions for 
Ec = 30/ieV and T = 43mK. The inset shows the theory for 
<E> = and $ = <I>o/2 at 43mK and for T = 0. 

increases the resistance. For $ = $0/2, point A of the 
interferometer (Fig. Id) is driven normal so that the 
length affected by the superconductor is L. Thus, the 
dip occurs at a voltage roughly four times larger. Also, 
the resistance of those two arms is a fraction, 1/3, of Rn, 
so the dip is much smaller than for $ = 0. 

From the noise measurements we deduce the effective 
charge, qe/f — {3/2){dSi/dT); see Fig. 3a. At finite en- 
ergy {E > ksT) the effective charge reflects the charge 
transferred but also includes the effects of correlations 
in the transfer process. By considering dSj/dl rather 
than dSj/dV we eliminate the trivial effect of a non- 
linear I{V) characteristic. The voltage dependence of 
dSi/dl yields information on energy-dependent correla- 
tions between charge transfers. Fig. 3b gives the theory 
results based on full counting statistics. The inset shows 
the theory for $ = and $ = $o/2, for T = 43mK 
and T = 0. The effective charge is seen in the theory to 
be independent of the phase difference at bias voltages 
larger than ~ 100 /iV, with significant phase modulation 
of Qeff in the bias voltage range 10 — 80 ^V. The maxi- 
mum magnitude of the observed dip of Qef / vs. voltage 
is ^ 10%, and occurs for $ ^"0/4. There is no dip for 
$ = $0/2. For T = 0, qeff returns to 2e as 1^ ^ 0. At 
finite temperature, qeff goes to zero for eV <C ksT. This 
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is because Si reduces to Johnson noise at V = 0. Thus, 
the decrease of qef / at very low voltages is not related to 
Andreev physics. In contrast, the dip near Ec is due to 
the energy dependence of Andreev reflection. 

The experimental results are in fairly good agreement 
with the theoretical predictions. As expected, there is 
no phase modulation of q^ff at large energies eV 3> Eq, 
and here ge// = 2e. At E ^ Eq, the effective charge 
is smaller for integer flux than for half-integer flux. The 
non-trivial energy/flux dependence predicted (crossings 
of the different curves) is seen in the experiment, though 
the agreement is not perfect. The magnitude of the dip of 
Qeff in the data is also close to the theoretical prediction. 

To understand the origin of the dip of Sj seen for 
$ = 0, we have also solved a generalized Boltzmann- 
Langevin (BL) equation. In such an approach corre- 
lations due to the superconductor enter through the 
energy- and space-dependent conductivity, which gives 
I{V,^). At T = 0, the BL result for all flux values is sim- 
ply Sf^ = (2/3)2e/(y, i.e., ge// = 2e at aU energies. 
This implies that the deviation of the effective charge 
from 2e must be due to fluctuation processes which are 
not related to single-particle scattering, on which the 
BL approach is based. We believe that the higher-order 
process which is responsible for the dip of Si is a two- 
pair correlation process. At high energies {E > Ec) 
the electron- hole pair states have a length ~ (HD/ E)^/^ , 
shorter than 2L. This results in uncorrelated entry of 
pairs into the normal region. For E < Ec the pair size is 
larger, and the spatial overlap prevents fully random en- 
try, suppressing Si. Suppressed shot noise is a signature 
of anti-correlated charge entry |jl^ . At lower energies (at 
T = 0) the effective charge is predicted to return to 2e; 
we do not yet have a physical interpretation of this. In 
any case, for the case of $ = $o/2, the dip of ge/ / is fully 
suppressed, according to the theory. This means that the 
phase gradients destroy the pair correlation effect. 

In summary we have understood the energy- and phase 
dependence of the shot noise of an Andreev interferome- 
ter. The correlation of pair entry into the normal metal 
causes deviations from the effective charge of ge// = 2e. 
The effects of pair correlations and of phase gradients on 
other properties will be explored in future experiments. 
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